Ca 2؉ and calmodulin (CaM) play a critical role in proliferation and viability of a wide variety of cells, including prostate cancer cells. We examined two prostate cancer cell lines, androgen-sensitive LNCaP and androgen-independent PC-3. Proliferation of LNCaP cells was six to eight times more sensitive to the inhibitory effect of the CaM antagonist N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride (W-7) than were PC-3 cells. Because LNCaP cell proliferation is sensitive to stimulation by androgen, we assessed the physical and functional interaction between androgen receptor (AR) and CaM. We observed tight binding of AR to CaM when LNCaP cell extracts were subjected to CaM-affinity column chromatography. AR binding to CaM was Ca 2؉ -dependent and was inhibited by pretreatment of the cell extracts with W-7. Using immunofluorescence staining and confocal microscopy, we demonstrated colocalization of AR and CaM in the nucleus of LNCaP cells. Furthermore, the functional relevance of AR-CaM interactions in intact cells was revealed by the observation that W-7 was as effective as Casodex, an antiandrogen, in blocking AR-regulated expression of prostate-specific antigen in LNCaP cells. AR seems to interact with CaM directly because purified human AR could bind to CaM-agarose, and CaM could be detected in AR-immunoprecipitate prepared from purified soluble proteins. These studies provide direct evidence for physical and functional interaction between AR and CaM and suggest the potential usefulness of CaM antagonists in blocking AR activity in prostate cancer.
B
ecause of the important role that androgen plays in the viability and proliferation of prostate cancer cells, androgen ablation remains one of the most commonly used therapies for the treatment of metastatic prostate cancer (1) (2) (3) . However, androgen ablation therapy is only palliative, and most patients receiving this treatment eventually succumb to hormone refractory disease that no longer responds to any of the currently available therapeutic agents (4) . Identification of new targets or improved strategies for the treatment of metastatic prostate cancer may require further understanding of the molecular mechanism of androgen receptor (AR) action in prostate cancer cells.
Androgen is required for viability of prostate epithelial cells and the normal structural development and function of the prostate. Androgen also plays a role in the development of prostate carcinoma (5, 6) . The effect of androgen is mediated by AR that translocates from cytoplasm into the nucleus and binds to specific promoter elements to modulate the expression of androgen-responsive genes (7) (8) (9) . Identification and characterization of coactivators and corepressors involved in ARregulated gene expression in prostate cancer cells have been the subjects of intense investigation in recent years (10) (11) (12) (13) (14) .
Apoptosis of prostate epithelial cells induced by androgen deprivation is suppressed by drugs that block the influx of Ca 2ϩ or its release from intracellular stores (15) . Agents that cause a sustained increase in intracellular Ca 2ϩ induce apoptosis in prostate cancer cells (16, 17) . Changes in intracellular Ca 2ϩ and the Ca 2ϩ -binding protein, calmodulin (CaM), affect the proliferative state and viability of prostate cancer cells (18) . Enhanced expression of CaM is associated with proliferation-independent apoptosis of androgen-independent rat prostate cancer cells (18 (20, 21) , and their growth is highly sensitive to CaM antagonists (22) . CaM stimulates estrogen receptor (ER) phosphorylation in mammary epithelial cells (23) , and CaM levels are 2-to 3-fold higher in ER-positive than in ER-negative breast cancer cells (24) . In addition, antiestrogens bind with high affinity to CaM (25) , and both antiestrogens and CaM antagonists block breast cancer cell cycle progression at an identical point in late G 1 phase (26) . Furthermore, the interaction of antiestrogen with CaM is suggested to be responsible for antiestrogen inhibition of breast cancer cell growth (27) . CaM exhibits structural and functional interaction with ER (28, 29) and stabilizes ER (30) in breast cancer cells. It is not known whether CaM interacts similarly with AR to affect either its activity and͞or stability in prostate cancer cells.
In an attempt to understand the potential involvement of Ca 2ϩ ͞CaM in prostate cancer cell proliferation, we examined the effect of a specific cell-permeable CaM antagonist, N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride (W-7) (31), on androgen-sensitive (LNCaP) and androgenindependent (PC-3) prostate cancer cells. These studies revealed LNCaP cells to be six to eight times more sensitive than PC-3 cells to the antiproliferative effects of W-7, suggesting a possible role of AR in CaM action. This hypothesis is corroborated by observations that AR binds to CaM in a Ca 2ϩ -dependent manner, and that AR and CaM colocalize in the nuclei of LNCaP cells. Furthermore, W-7 blocks AR transcriptional activity in LNCaP cells as effectively as an antiandrogen, Casodex. Taken together, these observations suggest structural and functional interaction of AR with CaM in prostate cancer cells.
Materials and Methods
Cell Culture. LNCaP cells were grown in RPMI medium 1640 (GIBCO͞BRL) containing 10 nM testosterone, whereas PC3 cells were grown in DMEM. Both cultures were supplemented with 10% FBS, 2.5 mM glutamine, 100 g͞ml streptomycin, and 100 units͞ml penicillin. Cells were maintained in a humidified incubator with 5% CO 2 and 95% air at 37°C. Preparation of Nuclear and Cytoplasmic Fractions. Exponentially growing LNCaP and PC-3 cells were subjected to nuclear and cytoplasmic fractionation as described (33) .
Preparation of Whole-Cell Extracts. Trypsinized cells were pelleted by centrifugation and resuspended in buffer A (50 mM Tris⅐HCl, pH 7.4͞0.1% Triton X-100͞5 mM EDTA͞250 mM NaCl͞50 mM NaF͞0.1 mM Na 3 VO 4 ) supplemented with protease inhibitor mixture (P-8340, Sigma) at a density of 2.5 ϫ 10 7 cells per ml. Cells were then subjected twice to 30 pulses of sonication with a Branson Sonifier 250 set at an output control of 2 and a duty cycle of 20, with intermittent cooling on ice. The sonicated cell extract was cleared by centrifugation in an Eppendorf centrifuge at 12,500 rpm for 1 min. Protein concentration in cleared extracts was assessed using Bio-Rad Protein Assay reagent.
CaM-Agarose Affinity Column Chromatography. CaM-affinity chromatography was performed essentially as described (34) . Briefly, whole-cell lysate of LNCaP cells prepared as described above was diluted 20-fold in buffer B (20 mM Tris, pH 7.4͞4 mM MgCl 2 ͞2 mM CaCl 2 ͞10 mM KCl͞1 mM PMSF) and applied to a CaM-agarose (Sigma) affinity column. After passing the diluted cell extract through the CaM-agarose column, the column was washed with buffer B until OD 280 returned to baseline. Proteins retained on the column were then eluted with modified buffer B (20 mM Tris, pH 7.4͞4 mM MgCl 2 ͞10 mM EGTA͞10 mM KCl͞1 mM PMSF) in which the Ca 2ϩ -chelator EGTA is substituted for Ca 2ϩ . All chromatography procedures including cell lysate application, washing, and elution were carried out at a flow rate of 1 ml͞min. To assess the effect of W-7 and Casodex, diluted cell lysate was divided into three aliquots containing equal volumes and protein concentrations, and individual aliquots were treated in parallel with diluent (control), 20 M W-7, or 100 M Casodex, before application to the CaM-agarose column.
Direct interaction between AR and CaM was assessed by incubating purified recombinant human AR (kind gift from Zhong-Xun Zhou and Elizabeth M. Wilson, University of North Carolina, Chapel Hill) with CaM-agarose in buffer B containing 100 g͞ml BSA for 30 min at room temperature. In some cases, buffer B was either supplemented with 20 M W-7 or 100 M Casodex, or its Ca 2ϩ was replaced by 10 mM EGTA. Agarose beads were sedimented, washed three times in buffer B, and suspended in electrophoresis sample buffer for Western blot analysis.
Immunoprecipitation. Purified recombinant human AR and CaM (35) incubated together in buffer B containing 100 g͞ml BSA for 30 min at room temperature were treated with anti-AR monoclonal antibodies (sc-7305x, Santa Cruz Biotechnology) followed by protein A-Sepharose. Protein A-Sepharose beads were then sedimented, washed three times in buffer B, and suspended in electrophoresis sample buffer for Western blot analysis.
Western Blot Analysis. Samples were subjected to denaturing 10% or 12% SDS͞PAGE and then transferred to nitrocellulose membranes. Individual membranes were probed with rabbit polyclonal antibody against AR (Santa Cruz Biotechnology) or mouse monoclonal antibodies against prostate-specific antigen (PSA) (DAKO), cyclin A (Transduction Laboratories, Lexington, KY), ␤-actin (Santa Cruz Biotechnology), calcineurin (BD Pharmigen), or CaM (35) . Immunoreactive bands were developed by using horseradish peroxidase-conjugated secondary antibodies and SuperSignal WestPico chemiluminescent substrate (Pierce) and visualized by using x-ray film.
Immunofluorescent Staining and Confocal Microscopy. LNCaP cells were grown on glass slides and processed for immunocytochemistry as described (36) . Slides were washed once with PBS, followed by fixation in 3.7% (vol͞vol) formaldehyde for 20 min at 22°C. Cells were permeabilized in 0.5% (vol͞vol) Triton X-100 for 15 min and blocked for 1 h in 2% (wt͞vol) BSA at 22°C. Slides were then incubated for 1 h at 22°C with anti-AR rabbit polyclonal (Santa Cruz Biotechnology) and anti-CaM mouse monoclonal (35) antibodies, followed by both goat-anti-rabbit-FITC-and goat-anti-mouse-tetramethylrhodamine B isothiocyanate-labeled secondary antibodies, for AR and CaM, respectively. After four washes with PBS, slides were mounted with Aqua Poly͞Mount (Polysciences). Confocal laser scanning microscopy was performed with a Zeiss LSM 510W upright confocal microscope. Images were processed, and colocalization analysis (which is colored yellow) was performed with the Zeiss LSM 510 Meta Excitation system with collection at 488 and 543 nm (BP505-550 and LP560).
Results

Differential Effect of W-7 on Proliferation of Androgen-Sensitive
(LNCaP) and Androgen-Independent (PC-3) Prostate Cancer Cells. To investigate the potential role of Ca 2ϩ ͞CaM in androgen action, we examined the effect of a specific CaM-antagonist, W-7, on proliferation of androgen-sensitive (LNCaP) and androgenindependent (PC3) prostate cancer cells. Cells were treated with or without W-7 for 48 h before pulse-labeling for 30 min with [ 3 H]thymidine. As shown in Fig. 1 , the concentration of W-7 required for 50% inhibition (IC 50 ) of thymidine incorporation into LNCaP cells was Ϸ5 M, which is substantially lower than the 30-40 M required for 50% inhibition of PC-3 cells. A similar difference in IC 50 was seen between LNCaP and PC-3 cells when they were treated with W-7 for 24 h (data not shown). Thus, androgen-sensitive LNCaP cells are six to eight times more sensitive to the inhibitory effect of W-7 than the androgenindependent PC-3 cells. To explore the molecular mechanism for this inhibition, we initially examined the relative amounts of CaM in LNCaP and PC-3 cells. Western blot analysis revealed 2-and 3-fold greater amounts of CaM in the nuclear and cytoplasmic fractions, respectively, of LNCaP cells than in those of PC-3 cells (Fig. 2) .
AR and Cyclin A in LNCaP Cell Extract Exhibit Ca 2؉ -Dependent Binding
to CaM. In addition to the differences in AR status, LNCaP and PC-3 cells exhibit a range of differences in their genetic makeup and are derived from two different sources, one from a lymph node metastasis (LNCaP) and the other from a brain metastasis (PC-3) (37) . In an attempt to investigate the relationship between AR status and the exquisite sensitivity of prostate cancer cells to CaM-antagonist, we tested the ability of AR in LNCaP cell extracts to bind to CaM. We subjected whole-cell lysates of exponentially growing LNCaP cells containing AR to CaMaffinity chromatography with a CaM-agarose column. As shown in Fig. 3A , the bulk of cellular proteins passed freely through the column without binding to CaM in the presence of Ca 2ϩ (fractions 1-8). However, a minor fraction of protein that was retained on the column in the presence of Ca 2ϩ was eluted when Ca 2ϩ was chelated with EGTA. The small peak of proteins observed after elution with EGTA-containing buffer represents proteins that exhibit Ca 2ϩ -dependent binding to CaM. Western blot analysis (Fig. 3B ) of an equal amount of protein from each fraction eluted from the column (in the case of fractions 11 and 14, maximum volume was used) revealed a significant presence of AR in the peak fraction that eluted with EGTA. This fraction also contained cyclin A but not ␤-actin, an abundant protein in LNCaP cell extracts (Fig. 3B) . ␤-Actin was recovered exclusively in the flow-through fractions. These latter data confirm the specificity of AR and cyclin A binding to CaM. Some AR and cyclin A were also detected in some of the flow-through fractions (Fig. 3B) . The failure to bind to the CaM column was not due to saturation of the CaM affinity column with CaM-binding proteins in the cell extract, because reapplication of the pooled flow-through fractions to a fresh CaM-agarose column did not remove additional AR or cyclin A (data not shown). Whether AR in the flow-through fractions may be stably complexed to CaM and͞or other proteins remains to be determined.
Selective Inhibition of AR Binding to CaM by W-7.
To further test the specificity of interaction of AR and cyclin A with CaM, wholecell lysates from exponentially growing LNCaP cells were treated with W-7 or Casodex before being applied to a CaM-agarose affinity column. The superimposed elution profile of proteins from control, W-7, and Casodex-treated cell extracts showed a substantially smaller EGTA elution peak for the lysate pretreated with W-7 (Fig. 4A) , suggesting that CaM inactivation with W-7 inhibited binding of proteins to the CaM column. In contrast, the elution peak with Casodex pretreatment was indistinguishable from control (Fig. 4A) . Western blot analysis of an equal volume of eluted fractions from the column confirmed that CaM-antagonist W-7 inhibited binding of AR and cyclin A to the CaM column (Fig. 4B) . The antiandrogen Casodex did not block binding of AR or cyclin A to the CaM column.
CaM Localized with AR in the Nucleus of LNCaP Cells. The binding of AR to CaM suggested that the two proteins may interact in cells. This hypothesis was examined by immunocytochemistry. Confocal analysis of exponentially growing LNCaP cells showed a diffuse distribution of CaM throughout the cell (Fig. 5) . CaM was present in the nucleus, cytoplasm, and membranes. In contrast, AR was found predominantly in the nucleus. Analysis with a colocalization software program revealed that CaM in the nucleus is colocalized with AR (Fig. 5) .
Anti-CaM Drug W-7 Is as Effective as Antiandrogen Casodex in Inhibiting Androgen-Responsive Gene (PSA) Expression in LNCaP Cells.
To assess the functional relevance of the physical interaction between AR and CaM, exponentially growing LNCaP cells were treated for 24 h with either W-7 or Casodex, and cell extracts were then tested for PSA levels on Western blots. Treatment of LNCaP cells with W-7 resulted in a dramatic decrease in PSA (Fig. 6) . This decrease was similar to that seen in cells treated with Casodex. Both W-7 and Casodex also caused a partial decrease in AR levels, but this reduction was more noticeable in LNCaP cells treated with Casodex than with W-7. Interestingly, W-7 and Casodex also caused a significant reduction in cyclin A levels (Fig. 6) . The inhibitory effects of W-7 and Casodex on PSA, AR, and cyclin A levels are specific, because neither of these drugs had any effect on ␤-actin levels (Fig. 6) .
AR Interacts Directly with CaM. Binding of AR in LNCaP cell extracts to CaM-agarose could be direct or indirect involving other proteins in the cell extract. To distinguish between these possibilities, purified recombinant human AR was tested for its ability to bind to CaM-agarose. As shown in Fig. 7A , purified AR bound to CaM-agarose, as did calcineurin, a known CaMbinding protein. Purified AR also bound to purified CaM in soluble form, because CaM coimmunoprecipitated with AR (Fig. 7B ). The binding of purified AR to CaM-agarose was Ca 2ϩ -dependent and was reduced by the Ca 2ϩ -chelator EGTA and the CaM antagonist W-7 (Fig. 7C) . Interestingly, antiandrogen Casodex also inhibited purified AR from binding to CaM (Fig. 7C) ; by contrast, Casodex did not inhibit the binding of AR to CaM in LNCaP cell extract (Fig. 4B ) (see Discussion).
Discussion
Our study demonstrates Ca 2ϩ -dependent binding of AR to CaM and shows that AR colocalizes with CaM in the nucleus of androgen-sensitive prostate cancer cells. These physical interactions between AR and CaM appear to have functional significance, because CaM-antagonist could suppress PSA levels. Our study also reveals the involvement of CaM in the expression, and possibly function, of cyclin A in prostate cancer cells. These interactions of CaM with AR may contribute to greater sensitivity to the inhibitory effect of anti-CaM W-7 on proliferation of androgen-sensitive LNCaP cells than of androgenindependent PC-3 prostate cancer cells.
It is intriguing to note in our studies that CaM levels, as determined by Western blot analysis, were 2-to 3-fold higher in LNCaP cells than in PC-3 cells (Fig. 2) . Androgen and intracellular Ca 2ϩ are known to regulate the expression of several Ca 2ϩ -binding proteins, including calreticulin, calbindin D, and CaM (15, 16, 18, 38) . Androgen-induced calreticulin expression was shown to protect LNCaP, but not PC-3 cells, against Ca 2ϩ -ionophore-induced apoptosis (39) . Furthermore, if CaM is Exponentially growing LNCaP cells were plated on glass slides and processed for immunocytochemistry as described in Materials and Methods. Cells were stained with an anti-CaM antibody, followed by a tetramethylrhodamine B isothiocyanate-labeled secondary antibody (CaM). In addition, slides were incubated with anti-AR antibody, followed by FITC-labeled secondary antibody (AR). Colocalization of CaM and AR was analyzed with the Zeiss LSM 510 Meta Excitation system and is represented in yellow. Data are representative of three independent experimental determinations. involved in AR action, as demonstrated in the present study, then it is conceivable that CaM levels are higher in LNCaP cells because of AR than in PC-3 cells that lack AR. Consistent with this possibility is the observation that CaM levels are two to three times higher in ER-positive human breast tumors than in ERnegative tumors (24) .
The interaction of CaM with ER in human mammary tumor cells has been characterized. CaM stimulates tyrosine phosphorylation and activation of ER (23) . Gel mobility-shift assays revealed a CaM requirement in ER-estrogen response element complex formation and in transcriptional activation of an estrogen-responsive promoter (28) . Inactivation of CaM function in the nucleus of MCF-7 cells eliminates estrogen-stimulated ER transcriptional activation (29) . A direct interaction of ER␣, but not ER␤, with CaM makes ER␣ activity susceptible to the inhibitory effect of CaM antagonists (40) . Ca 2ϩ -dependent, but estradiol-independent, binding of CaM to ER is shown to enhance the stability of ER in MCF-7 human breast epithelial cells (30) . We now report that, like ER, AR interacts both physically and functionally with CaM in prostate cancer cells.
AR binding to CaM seems to be a direct binding because, like AR in LNCaP cells, purified AR also binds to CaM-agarose in a Ca 2ϩ -dependent manner (Fig. 7) . It is, however, intriguing to note that Casodex was effective in preventing the binding of recombinant wild-type human AR (Fig. 7) , but not AR in LNCaP cells (Fig. 4) , to CaM-agarose. AR in LNCaP cells has a mutation in the ligand-binding domain, which is known to affect the activity, affinity, and responsiveness of AR to various ligands (41) (42) (43) (44) (45) . These observations, taken together, suggest that the ligand-binding domain of AR may play an important role in AR interaction with CaM.
CaM is also known to interact with and regulate the activity and͞or nuclear localization of several cell-cycle regulatory proteins, including p21 Cip1 , cyclin D1-Cdk4, and CaM kinase II (46) (47) (48) . Furthermore, CaM is involved in the expression of cell-cycle regulatory proteins Cdk2, Cdk4, cdc2, p21 Cip1 , cyclin B, and cyclin A and the enzymes of DNA replication, DNA polymerase ␣ and proliferating cell nuclear antigen (49, 50) . In this study, we found that cyclin A in LNCaP cell extracts binds to CaM either directly or indirectly, and that the expression of cyclin A is sensitive to the inhibitory effect of the anti-CaM drug W-7. This observation reveals an important role of CaM not only in AR transcriptional activity but also in regulating the expression and activity of cell-cycle regulatory proteins required for the progression of prostate cancer cells through S phase.
AR-positive prostate cancer cells, even those that become androgen-independent, require AR activity for their proliferation (51) . Based on the observations presented in this article, we speculate that AR activity in such androgen-refractory cells could be stimulated by accessory proteins, such as CaM, that interact with AR in an androgen-independent manner. Inhibiting such interactions between accessory proteins and AR (for example, with CaM antagonists as shown in this study) may provide an effective strategy for blocking AR-regulated events necessary for proliferation and viability of androgen-sensitive as well as androgen-independent prostate cancer cells. Fig. 7 . Purified AR interacts with CaM. (A) Purified AR binds to CaM-agarose as effectively as calcineurin. Purified AR or calcineurin was incubated with CaM-agarose, and proteins bound to CaM-agarose were prepared and subjected to Western blot analysis as described in Materials and Methods to detect AR and calcineurin. (B) CaM is associated with AR immunoprecipitate. Purified AR and CaM were incubated together in the presence of Ca 2ϩ , AR immunoprecipitate was prepared, and AR and CaM in the immunoprecipitate were detected by Western blot analysis as described in Materials and Methods. (C) Effect of EGTA, W-7, and Casodex on binding of purified AR to CaM-agarose. Purified AR was incubated with CaM-agarose in the presence of 2 mM Ca 2ϩ (control), 10 mM EGTA, 20 M W-7, or 100 M Casodex, and AR bound to CaM-agarose was determined as described in Materials and Methods.
